The distinct characteristics of short pulse laser interactions with a metal target under conditions of spatial confinement by a solid transparent overlayer are investigated in a series of atomistic simulations. The simulations are performed with a computational model combining classical molecular dynamics (MD) technique with a continuum description of the laser excitation, electronphonon equilibration, and electronic heat transfer based on two-temperature model (TTM). Two methods for incorporation of the description of a transparent overlayer into the TTM-MD model are designed and parameterized for Ag-silica system. The material response to the laser energy deposition is studied for a range of laser fluences that, in the absence of the transparent overlayer, covers the regimes of melting and resolidification, photomechanical spallation, and phase explosion of the overheated surface region. In contrast to the irradiation in vacuum, the spatial confinement by the overlayer facilitates generation of sustained high-temperature and highpressure conditions near the metal-overlayer interface, suppresses the generation of unloading tensile wave, decreases the maximum depth of melting, and prevents the spallation and explosive disintegration of the surface region of the metal target. At high laser fluences, when the laser excitation brings the surface region of the metal target to supercritical conditions, the confinement prevents the expansion and phase decomposition characteristic for the vacuum conditions leading to a gradual cooling of the hot compressed supercritical fluid down to the liquid phase and eventual solidification. The target modification in this case is limited to the generation of crystal defects and the detachment of the metal target from the overlayer. V C 2014 AIP Publishing LLC.
I. INTRODUCTION
While the general mechanisms of short pulse laser melting, spallation, and ablation of metals in vacuum and in a background gas have been extensively studied experimentally, theoretically, and computationally, the effect of strong spatial confinement of the laser-induced processes by a solid transparent overlayer remains largely unexplored. The spatial confinement is realized when a metal target (a film or a bulk substrate) is covered by a transparent overlayer and the laser irradiation is focused on the metal surface through the overlayer. This setup has been shown to be advantageous for a number of practical applications, from laser shock peening [1] [2] [3] [4] to laser-induced forward transfer [5] [6] [7] and thin film patterning/scribing, 8, 9 and to the generation of high-quality surface nanostructures. 10 In particular, a substantial increase in pressure generated in laser ablation confined by a glass overlayer 1, 2, 11 has been utilized in material processing by laser-induced shock waves [1] [2] [3] [4] and has enabled design of "exotic targets" with enhanced momentum transfer for laser propulsion applications. 12 Recently, the generation of periodic nanostructures by multiple beam interference has been reported for Ni and Si surfaces covered by optically transparent 400 nm thick polymer layers. 10 A significant improvement in the quality of the nanostructured surfaces, as compared to processing of bare surfaces, is observed and attributed to the suppression of the expansion and breakup of molten material as well as trapping of the ejected droplets by the overlayer.
The analytical description and computer modeling of laser-induced processes under conditions of spatial confinement have been largely focused on thermodynamic analysis of the evolution of pressure exerted on the metal target by the vapor/plasma plume expansion and evaluation of the momentum transfer to the irradiated target. 2, 9, 11, 12 In several recent numerical simulations of thin film removal by backside femtosecond pulse irradiation through a transparent substrate, the dynamics of the relaxation of thermo-elastic stresses and the mechanical deformation of the metal film are considered 4, 13, 14 and found to play the dominant role in the separation and ejection of the film fragments at laser fluences close to the ablation threshold. 13 The analysis of the effect of the spatial confinement on the kinetics and mechanisms of laser-induced phase transformation, as well as the structural modification of the metal target, however, is beyond the capabilities of the continuum-level finite difference 14 or finite element method 4, 13 calculations. On the other hand, the atomistic molecular dynamics (MD) simulations, while more computationally expensive, have been shown to a) Author to whom correspondence should be addressed. E-mail: lz2n@virginia.edu 0021-8979/2014/115(18)/183501/13/$30.00
V C 2014 AIP Publishing LLC 115, 183501-1 be capable of providing detailed information on the fast nonequilibrium structural and phase transformations induced by short pulse laser irradiation of thin films [15] [16] [17] [18] [19] [20] [21] and bulk targets [21] [22] [23] [24] [25] [26] [27] [28] [29] under vacuum conditions or in the presence of background gas. 30 In this paper, we report the results of the first MD simulations aimed at investigation of the mechanisms and kinetics of rapid laser-induced phase transformations in a bulk metal target covered by a thick transparent overlayer. The combined atomistic-continuum model accounting for the laser excitation, electron-phonon equilibration, and electronic heat transfer in the metal target, as well as two new methods for incorporation of the description of a transparent overlayer into the model, is described in Sec. II. The results of the simulations of laser interactions with a Ag target covered by a silica glass overlayer are reported and contrasted with the results observed for the same irradiation conditions in the absence of the confining overlayer in Sec. III. A brief summary of the results and a discussion of future research directions are provided in Sec. IV.
II. COMPUTATIONAL MODEL
The computational setups used in the simulations of laser interactions with a bulk Ag target covered by a transparent overlayer are schematically illustrated in Fig. 1 . Two main components of the computational setup, the model for simulation of laser interaction with the metal target and the representation of the transparent overlayer, are described below.
A. TTM-MD model for Ag target
The laser interaction with the bulk Ag target is simulated with a model that combines the classical MD method with the two-temperature model (TTM) 31 that describes the evolution of lattice and electron temperatures by two coupled nonlinear differential equations and accounts for the laser excitation of the conduction band electrons, electron-phonon energy exchange, and electron heat conduction. In the combined TTM-MD model, MD substitutes the TTM equation for the lattice temperature, and the diffusion equation for the electron temperature is solved simultaneously with MD integration of the equations of motion of atoms. The cells introduced to solve the TTM equation for the electron temperature are related to the corresponding regions of the MD system. The local lattice temperature is then defined for each cell from the average kinetic energy of thermal motion of atoms. A complete description of the TTM-MD model is given in Ref. 32 and below we only delineate the computational setup and provide the parameters of the model used in the simulations reported in this paper.
The interatomic interactions in the Ag target are described by the embedded atom method (EAM) potential in the form proposed by Foiles, Baskes, and Daw (FBD). 33 A cut-off function 34 is added to the potential to smoothly bring the interaction energies and forces to zero at interatomic distance of 5.5 Å . Although the FBD EAM potential is fitted to low-temperature values of the equilibrium lattice constant, sublimation energy, bulk modulus, elastic constants, and vacancy formation energy, it also provides a good description of high-temperature thermodynamic properties of Ag relevant to the conditions of laser-induced melting and ablation. In particular, the equilibrium melting temperature, T m , determined in liquid-crystal coexistence MD simulations is 1139 K, 35 about 8% below the experimental value of 1235 K. 36 The temperature and pressure conditions for the onset of the explosive phase separation into liquid and vapor, T* and P*, are determined for the FBD EAM Ag in a series of constant-pressure MD simulations of a slow (0.1 K/ps) heating of a metastable liquid, following an approach applied earlier to other material systems. 27, 28, 37, 38 The onset of the phase explosion is identified from a sharp increase in volume of the system and the threshold temperature for the phase explosion is found to be about 3450 K at zero pressure and about 4850 K at 0.5 GPa. The onset of the phase explosion can be expected at $10% below the critical temperature [38] [39] [40] and the values of T* calculated for the FBD EAM Ag material are not in conflict with the broad range of experimental values of the critical temperature of Ag spanning from 4300 K to 7500 K. 41 At negative values of pressure, the onset of cavitation in the metastable liquid is observed at about 2060 K at À0.5 GPa, 1530 K at À1 GPa, and 1400 K at À1.5 GPa.
The choice of the parameters of the TTM equation for the electron temperature of Ag is the same as in Ref. 35 , where a more detailed explanation of the parameters is provided. The electron temperature dependences of the electronphonon coupling factor and electron heat capacity are taken FIG. 1. Schematic sketches of two alternative computational setups designed for simulations of laser interaction with a Ag target covered by a transparent overlayer. In both setups, the top layer of the Ag target with thickness of L TTMÀMD is represented by the atomistic TTM-MD model, whereas the heat conduction in the deeper part of the substrate is simulated with TTM equations solved in the region with thickness of L TTM . The transparent overlayer is represented by a dynamic imaginary plane in (a) and by a model adopting an atomistic MD description of a part of the overlayer adjacent to the Ag target in (b). The dynamic pressure-transmitting boundary conditions are applied at the bottom of the TTM-MD region and, in (b), at the top of the MD part of the overlayer to mimic non-reflective propagation of laserinduced pressure waves through the boundaries. In both setups, the partial propagation of the laser-induced pressure wave into the silica overlayer and the work of adhesion between the overlayer and the Ag target are reproduced.
in the forms that account for the thermal excitation from the electron states below the Fermi level. 42 The temperature dependence of the electron thermal conductivity is described by the Drude model relationship, with parameters evaluated based on the free electron model and the experimental value of the thermal conductivity of Ag. 35 The irradiation of the target with a 10 ps laser pulse is represented through a source term added to the TTM equation for the electron temperature. 32 The source term simulates excitation of the conduction band electrons by a laser pulse with a Gaussian temporal profile and reproduces the exponential attenuation of laser intensity with depth under the surface. To account for the energy transport occurring before the thermalization of the excited electrons, the optical absorption depth, L p ¼ 12 nm at laser wavelength of 1 lm, 43 is combined with the effective depth of the "ballistic" energy transport, L b ¼ 56 nm, roughly estimated here as a product of the Fermi velocity and the Drude relaxation time. 44 To ensure complete deposition of the energy of the 10 ps laser pulses, the peak intensity of the Gaussian laser pulse is shifted to 25 ps from the beginning of the simulations. The absorbed laser fluence, F abs , rather than the incident fluence is used in the discussion of the simulation results.
As illustrated in Fig. 1 The heat transfer in the deeper part of the target is described by the TTM equations for lattice and electron temperatures solved down to the depth of L TTMÀMD þ L TTM , with L TTM ¼ 2:5lm chosen to ensure the absence of any significant increase in the electron or lattice temperatures at the bottom of the computational domain by the end of the simulation.
The lateral (parallel to the surface of the Ag target or the interface with the overlayer) dimensions of the computational systems are 4.1 Â 4.1 nm 2 , and the number of Ag atoms in the TTM-MD parts of the systems is 203 600 for L TTMÀMD ¼ 209 nm, 399 600 for L TTMÀMD ¼ 411 nm, and 680 000 for L TTMÀMD ¼ 699 nm. The periodic boundary conditions are imposed in the lateral directions to reproduce the interaction of the atoms with the surrounding material. This approach is appropriate when the laser spot diameter is much larger than the depth of the laser energy deposition, so that any effects related to the lateral variations of the irradiation and thermal conditions can be neglected and the simulated part of the system remains laterally confined by the surrounding material during the time of the simulation. At the bottom of the TTM-MD part of the model, a special pressure-transmitting, 45, 46 heat-conducting boundary condition is applied in order to avoid an artificial reflection of the laser-induced pressure wave and to account for the heat transfer from the surface region of the metal target, represented with atomic-level resolution, to the deeper part of the target, represented at the continuum level. The simulations are performed for systems with free metal surfaces exposed to the laser irradiation as well as for metal targets covered by thick transparent overlayers. The computational representation of the overlayer is described next.
B. Computational representation of the transparent overlayer
Two different methods developed in this work for representation of the transparent overlayer are illustrated in Fig. 1 . In both implementations, the properties of fused silica are used in parameterization, and the overlayer is assumed to be sufficiently thick to ensure that the pressure wave generated in the overlayer due to the laser energy absorption by the metal target does not reflect from the top surface of the overlayer and come back to the metal-overlayer interface during the time of the simulation. For a 10 lm thick overlayer and the speed of sound of 5900 m/s in fused silica, 36 it takes more than 3 ns for the reflected wave to reach the interface. In the irradiation regimes considered in this work (from the threshold for surface melting up to several times the threshold), the time scale of laser-induced structural and phase transformations does not exceed several nanoseconds and the reflected pressure wave would not affect the transformations for overlayers with thickness on the order of tens of micrometers.
In the first method, illustrated in Fig. 1(a) , the overlayer is not represented with atomic resolution but introduced through a dynamic acoustic impedance matching boundary condition that accounts for the displacement of the metaloverlayer interface in response to the thermal expansion and phase transformations occurring in the surface region of the metal target. The dynamic boundary condition in this case takes the form of an imaginary plane that interacts with the Ag atoms through the Lennard-Jones (LJ) potential defined as a function of the distance between an Ag atom and the imaginary plane. The imaginary plane moves in response to forces acting on it from the Ag atoms as well as an additional forceF e that mimics the elastic response of the overlayer to forces acting from the side of the metal target. This additional force is proportional to the instantaneous velocity of the imaginary plane and acts in the opposite direction, F e ¼ ÀSz, where S is the surface area of the interface and z is the acoustic impedance of the overlayer material. For the silica overlayer, the acoustic impedance is calculated as z ¼ q SiO 2 c SiO 2 where q SiO 2 ¼ 2:2 g=cm 3 and c SiO 2 ¼ 5900 m=s are the experimental values of density and speed of sound in fused silica. 36 The mass assigned to the imaginary plane is equal to the total mass of Ag atoms in a single (001) atomic plane and the equation of motion is solved for the plane together with the integration of the equations of motion for all the atoms.
The parameters of the LJ potential describing the interaction between a Ag atom and the imaginary plane are fitted to reproduce the experimental value of the work of adhesion between the Ag substrate and silica overlayer as well as the local stiffness under uniaxial compression at the interface defined by an arithmetic average of the elastic constant can be attributed to different temperature and the cutoff function applied in the current work. The parameter defining the length scale of the potential, r, is then chosen to reproduce the local stiffness to uniaxial compression, C 11 , as described above. The fitting yields the following parameters of the LJ potential: r ¼ 2. 42 A and e ¼ 0.224 eV.
While the representation of the overlayer by the method based on the imaginary plane provides a computationally efficient description of the partial reflection of the laserinduced pressure wave from the metal-silica interface and reproduces the experimental work of adhesion between the metal substrate and silica overlayer, this method is not free of limitations. In particular, the boundary condition can only reproduce the elastic response of the overlayer and no plastic deformation or melting of the overlayer is allowed. Moreover, in the simulations performed under irradiation conditions leading to the transient surface melting and resolidification of the metal target, the imaginary plane is observed to promote nucleation of hcp and fcc crystallites with closepacked crystallographic planes oriented parallel to the imaginary plane.
In order to relax the assumption of an ideal "indestructible" overlayer, an alternative method, illustrated in Fig. 1(b) , is developed. In this method, a part of the overlayer adjacent to the metal target is simulated with an atomistic MD method. In the present work, we do not attempt to provide an accurate description of the silica structure and silica-Ag interfacial structure, as such description would necessitate the use of a reactive force field that would substantially increase the computational cost of the simulations. Instead, the silica substrate is simulated as an fcc crystal with atoms interacting through LJ potential. The parameters of the LJ potential (r ¼ 4. 41 A and e ¼ 0.237 eV) and the atomic mass of 113.5 Da are chosen so that the values of the elastic constant, C 11 ¼ 75 GPa, melting temperature, T m ¼ 1825 K, and density, q SiO 2 ¼ 2:2 g=cm 3 of the model material are in a good agreement with experimental values for fused silica (C 11 ¼ 76.6 GPa, T m ¼ 1938 K, q SiO 2 ¼ 2:2 g=cm 3 , Ref. 36). The cross-interaction between the atoms in the overlayer and Ag is also described by the LJ potential. The LJ parameter r is chosen so that the equilibrium interatomic distance for the cross-interaction would be an arithmetic average of the ones in the substrate and the overlayer. Similarly to the case where the overlayer is represented by an imaginary plane (described above), the LJ parameter e is fitted to the work of adhesion for the Ag-silica interface at 773 K, W adh ¼ 0: A, e ¼ 0.111 eV. The size of the part of the overlayer represented with atomistic resolution, L MD in Fig. 1(b) , is 100 nm in simulations performed at absorbed laser fluences of 900 and 1000 J/m 2 , and 200 nm at 3000 and 6000 J/m 2 . In contrast to the metal substrate, where the heat transfer is dominated by the electrons and is reproduced with the TTM equations, the vibrational heat transfer in the glass overlayer is treated directly by the MD model. The value of the thermal conductivity of the model overlayer material, k % 0.85 Wm
, is calculated from the evolution of the temperature profiles predicted in a non-equilibrium MD simulation of a 411 nm long system with an initial temperature of 300 K and a temperature of 1000 K fixed at one end of the system. The conductivity of the model material is comparable to the experimental one for fused silica, 1.38 Wm
The characteristic length of thermal diffusion in the simulated overlayer on the timescale of the simulation,
À6 m 2 =s is the thermal diffusivity, k is the thermal conductivity, c v % 3R is the heat capacity, and R is the ideal gas constant. Therefore, for L MD ¼ 100 À 200 nm, L th < L MD and the heat transfer through the upper boundary of the computational system in Fig. 1(b) is neglected in the simulations. A pressuretransmitting boundary condition, 45, 46 similar to the one applied at the bottom of the TTM-MD region of the metal target, is applied to the top monolayer of the fcc crystal representing the MD part of the overlayer. The parameters of the boundary condition are chosen to minimize the reflection of the pressure wave propagating through the overlayer from the metal-overlayer interface. Before applying the laser irradiation, all systems are equilibrated at 300 K for 200 ps.
III. RESULTS AND DISCUSSION
To reveal the effect of the transparent overlayer on laser-induced processes, two series of simulations, with and without the overlayer, are performed for a range of laser fluences that covers the regimes of surface melting, photomechanical spallation, and phase explosion in the absence of the overlayer. The presentation of the results of the simulations is preceded by a brief discussion of the concepts of thermal, stress, and spatial confinement.
A. Thermal, stress, and spatial confinement in laser-materials interactions Before discussing the effect of the spatial confinement on the material response to the laser excitation, we would like to distinguish it from the thermal and stress confinement realized when the characteristic times of the redistribution of the absorbed laser energy by thermal conduction or stress waves are longer than the time of the temperature increase due to the laser energy deposition. 21, 22, 27, 37, 48, 49 The condition for the thermal confinement, in particular, can be expressed as maxfs p ; s eÀph g L laser pulse duration, s eÀph is the characteristic time of the electron-phonon equilibration, L c is the diffusive/ballistic penetration depth of the excited electrons before the electron-electron and the electron-phonon equilibration, and D T is the thermal diffusivity of the target material. The condition for the stress confinement can be expressed as maxfs p ; s eÀph g L c =C s , where C s is the speed of sound in the target material.
In the simulations of Ag targets irradiated by 10 ps laser pulses, s p ¼ 10 ps, s eÀph % 8 ps (defined as the timescale of the exponential decay of the energy of the excited electrons due to the electron-phonon coupling), L c % 140 nm (defined as the depth where 63% of the total excitation energy is deposited by the time s eÀph ), D T ¼ 1:47 Â 10 À4 m 2 =s (in the solid state near the melting temperature), and C s ¼ 3650 m=s, Ref. 36), the conditions for both thermal and stress confinement are satisfied and a build up of both thermal energy and the thermoelastic compressive stresses can be expected in the regions of the laser energy thermalization during the laser pulse. 21, 22, [26] [27] [28] [29] The conditions of the thermal and stress confinement have similar effect on targets with and without the transparent overlayer, thus suggesting that the initial levels of temperature and pressure generated in both cases are likely to be similar.
In contrast to the thermal and stress confinement that define the initial temperature raise and pressure build up in the surface region of the irradiated target, the spatial confinement by the transparent overlayer is affecting the longerterm material response to the laser energy deposition and can have a significant effect on the laser-induced phase transformations, generation of crystal defects, surface damage, and material removal (ablation). The results of the atomistic simulations reported below are providing first detailed insights into the kinetics and mechanisms of the structural and phase transformations occurring under conditions of spatial confinement by a transparent overlayer.
B. Melting and resolidification under spatial confinement
The effect of the spatial confinement on the processes of melting and resolidification induced by the laser energy deposition is illustrated in Fig. 2 , where the temperature and pressure evolution is shown for three simulations performed at the same absorbed laser fluence of 900 J/m 2 . For a bulk Ag target with a free surface, in the absence of the overlayer, this fluence is about 10% above the threshold for surface melting. The energy transfer from the excited electrons to the lattice leads to a rapid temperature increase in a surface region of the target, Fig. 2(a) . The temperature exceeds the equilibrium meting temperature of the EAM Ag, T m ¼ 1139 K at zero pressure, causing a rapid homogeneous melting of $35 nm thick surface layer between 40 and 70 ps of the simulation time (15 and 45 ps after the time of the laser peak intensity). The steep temperature gradient established in the surface region by the end of the electronphonon equilibration leads to the cooling of the melted region and causes epitaxial resolidification. The velocity of the solidification front increases with increasing degree of undercooling below the melting temperature and the front reaches the surface of the target by the time of $1.1 ns.
In the simulations performed for targets covered by an overlayer, Figs. 2(b) and 2(c), the melting is limited to a few small regions transiently appearing in the vicinity of the interface with the overlayer and disappearing by the time of 400 ps. In the simulation where the overlayer is represented by an imaginary plane, Fig. 2(b) , the melting affects a thin (<4 nm) layer adjacent to the interface with the overlayer and another region that appears through homogeneous nucleation at a depth of about 10 nm below the interface. A very similar transient melting is observed in the simulation with the atomistic representation of the overlayer, Fig. 2(c) , where two small melting regions transiently appear within 20 nm from the interface with the overlayer. The difference of these results from the much more extensive melting observed in the absence of the overlayer, Fig. 2(a) , is surprising from the first sight, as the same initial temperature increase is caused by the laser energy deposition and the temperature decrease is even faster in the case of free surface due to the rapid expansion of the surface region. To explain this difference, the evolution of the laser-induced pressure is considered below.
As discussed in Sec. III A, the rapid increase of the lattice temperature in the simulations takes place under conditions of the stress confinement and results in the buildup of strong compressive stresses in the surface region of the irradiated target. The generation of compressive stresses of similar strength can be seen in all pressure plots shown in Fig. 2 . The relaxation of the compressive stresses, however, proceeds differently with and without the confining overlayer. Without the overlayer, the expansion of the compressed material results in the generation of a strong tensile component of the stress wave that follows the compressive component in its propagation into the bulk of the target, Fig. 2(a) . In the presence of the overlayer, however, the tensile component of the stress wave is largely suppressed, Figs. 2(b) and 2(c). Since the acoustic impedance of the overlayer material is more than twice smaller than one of Ag, the relaxation of the initial laser-induced compressive stresses results the generation of both a compressive wave in the overlayer and a relatively weak unloading wave in the Ag target.
The suppression of the tensile component of the pressure wave by the overlayer has direct implications for the melting process. In the absence of the overlayer, the expansion of the surface region results in the tensile stresses and, concurrently, a transient temperature drop that can be estimated by considering the expansion as an isentropic process for which @T=@P ð Þ S ¼ Ta=c p , 18, 32 where c p is the specific heat capacity per unit volume and a is the volume coefficient of thermal expansion. At the same time, the equilibrium melting temperature is also affected by the negative stresses, with the variation of the melting temperature described by the unloading wave takes place on a background of quasi-static compressive stresses related to the inability of the crystalline part of the target to completely relax the thermoelastic stresses through uniaxial expansion in the direction normal to the irradiated surface or metal-overlayer interface. 21, 26, 27 The compressive stresses are partially relaxed by the emission of dislocations from the melting front in the simulation with free surface, Fig. 2(a) , where the depth of the dislocation propagation can be seen from the reduction of the compressive stresses in a region extending down to $45 nm below the melting front. The emission of the dislocations coincides with the propagation of the unloading wave through the melting front and is triggered by the shear stresses transiently created by the unloading wave in the four different active {111} slip planes of the single crystal fcc target oriented along h100i direction. 50 Interactions between the Shockley partial dislocations propagating on different slip planes result in the generation of immobile dislocation segments and formation of stable dislocation configurations in the sub-surface region of the target. The much weaker unloading wave generated in the presence of the overlayer is incapable of inducing the dislocation emission and no dislocations are observed in simulations illustrated in Figs. 
2(b) and 2(c).
The results obtained with two different representations of the overlayer, Figs. 2(b) and 2(c), are very similar to each other. This similarity suggests that both approaches provide an adequate description of the effect of the overlayer on the target response to the laser excitation under irradiation conditions that leave the overlayer intact. At higher laser fluences, however, a part of the overlayer adjacent to the metal target can be expected to undergo transient melting and possible mixing with the melted metal. To provide a semiquantitative description of these processes, the atomistic representation of a part of the overlayer adjacent to the metal target ( Fig. 1(b) ) is used in the higher-fluence simulations presented below.
C. Suppression of laser spallation by the overlayer
A moderate increase in the absorbed laser fluence from 900 J/m 2 to 1000 J/m 2 leads, in the absence of overlayer, to the transition from the regime of melting and resolidification of a surface region of the target to a separation of a melted layer from the bulk of the target, Fig. 3(a) . As discussed in a number of earlier papers, e.g., Refs. 21, 22, and 27-29, the separation and ejection of the liquid layer ( commonly   FIG. 3 . Temperature (left) and pressure (right) contour plots in simulations of a bulk Ag target irradiated by a 10 ps laser pulse at a fluence of 1000 J/m 2 . The irradiated surface is free of confinement in (a) and is covered by a transparent overlayer in (b). The computational setup in the simulation with overlayer is illustrated in Fig. 1(b) . The laser pulse has a Gaussian profile with the peak intensity reached at 25 ps from the beginning of the simulations and is directed along the Y-axis, as shown by the red arrows in the left panels. The black curves separate the melted regions from crystalline parts of the Ag target. The red curves separate the atomistic (TTM-MD) and continuum (TTM) parts of the model representing the Ag targets. The dashed curve in the pressure plot in (a) shows the maximum depth of dislocation propagation. Areas where the density of the material drops below 10% of the initial density of the solid Ag target are blanked in the plots. referred to as spallation) is driven by the relaxation of the laser-induced stresses generated in the surface region of the target under conditions of stress confinement. The magnitude of both the compressive and tensile stresses increases with increasing fluence up to the spallation threshold, when the tensile stress exceeds the dynamic strength of the melted material leading to the nucleation, growth, and coalescence of multiple voids that eventually causes spallation of a liquid layer from the target. The spallation interrupts the heat flow from the hot surface layer to the bulk of the target and results in a rapid resolidification of the liquid part of the target left behind after the separation of the spalled layer. In the simulation illustrated in Fig. 3(a) , the resolidification process is completed at $550 ps after the laser pulse. Similarly to the lower fluence simulation discussed in Sec. III B, the emission of dislocations from the melting front takes place at the time when the tensile component of the stress wave crosses the melting front. The plastic deformation partially relaxes the residual compressive stresses in $40 nm surface region of the resolidified target.
Turning to the simulation of a Ag target covered by an overlayer, Fig. 3(b) , the following effects of the spatial confinement can be observed: (1) the depth of the region affected by melting decreases from $70 nm in Fig. 3(a) to $40 nm in Fig. 3(b) , (2) no dislocation emission from the melting front takes place, and (3) no voids nucleate in the melted region and no spallation occurs. All of these effects can be attributed to the containment of the free expansion of the surface region of the target and the corresponding suppression of the tensile component of the stress wave.
The suppression of the tensile stresses is illustrated in Fig. 4 , where the evolution of pressure at a depth of 100 nm below the irradiated Ag surface is shown in the form of pressure profiles. Although the initial peaks of the compressive pressure are almost identical in the two simulations, with the maximum pressure reaching $6.7 GPa at $45 ps after the laser pulse, the pressure profiles diverge after $70 ps. In the case of free surface, the unloading tensile component of the pressure wave, while weakened by the void nucleation and spallation in the region closer to the surface, is still clearly pronounced and reaches the maximum value of À2 GPa. In the presence of the overlayer, however, the pressure at this depth remains positive at all times. Following the initial dynamic relaxation of the laser-induced stresses, after $250 ps, the level of pressure stays at an almost constant level that is slowly drifting from $0.8 to 0.6 GPa during the time from 250 to 700 ps. As discussed in Sec. III B, this compressive pressure corresponds to the residual thermoelastic stresses that cannot relax by the uniaxial expansion of the crystal in the direction normal to the surface and are slowly decreasing due to the cooling by thermal conduction to the bulk of the target.
Note that the level of the residual stresses in the simulation with free surface stays at a lower level of $0.2 -0.3 GPa until the time of $530 ps, when it increases to the level similar to the one observed in the presence of the overlayer. The reduction of the compressive stresses can be attributed to dislocations that propagate deeper than 100 nm during the initial relaxation of laser-induced stresses and bring the stress state of the crystal closer to hydrostatic one. The partial dislocations retreat up to the depth of $80 nm below the original surface during the time of 400-600 ps and the increase of the level of pressure at around 530 ps corresponds to the time when they cross the depth of 100 nm.
In the absence of spallation, the resolidification process in the target covered by an overlayer takes about 1.25 ns, Fig. 3(b) , the time comparable to that in the simulation of a target with free surface performed at a lower fluence of 900 J/m 2 , below the spallation threshold, Fig. 2(a) . The melting turns into resolidification when the temperature of the liquid-solid interface drops below the melting temperature at $150 ps, the solidification front accelerates with increasing supercooling and reaches its maximum velocity of $65 m/s by the time of 1.1 ns. By this time, however, the temperature of Ag near the interface with the overlayer drops down to $0.7 T m , triggering nucleation of new crystallites near the interface and leading to the rapid solidification of the strongly supercooled layer of Ag adjacent to the interface. The relatively small lateral size of the computational cell used in the simulations does not allow for a reliable investigation of the nucleation and growth of new crystallites in the supercooled interfacial region of the target and additional larger scale simulations targeted at analysis of this phenomenon are currently underway.
D. Suppression of phase explosion by the overlayer
As the laser fluence increases above the spallation threshold for targets with free surfaces, the thickness of the spalled layer is decreasing while the temperature and the ejection velocity are increasing. 29 The spalled layer vanishes close to the fluence that brings the temperature of the surface region of the target above T* ¼ 3450 K, identified in Sec. II A as the temperature of the onset of the explosive phase separation into liquid and vapor at zero pressure. This signifies a transition to the phase explosion regime of material ejection, when the surface region of the target undergoes an explosive decomposition into vapor, clusters, and small droplets.
The contour plots shown in Fig. 5(a) are for a simulation performed at a fluence of 3000 J/m 2 , slightly above the threshold for the transition from spallation to the phase explosion regimes of laser ablation. The temperature plot exhibits a momentary (between 30 to 60 ps of the simulation, or 5 to 35 ps after the peak intensity of the 10 ps laser pulse) spike to the values exceeding T* at zero pressure in the surface region with a depth of $115 nm, close to the depth of the initial laser energy deposition L c , see Sec. III A. The rapid cooling of this region proceeds through the expansion and decomposition of the material overheated above the limit of its thermodynamic stability into a mixture of liquid droplets, atomic clusters, and vapor. The unloading wave, while partially suppressed by the compressive pressure generated by the explosive decomposition and expansion of the top layer of the target, still generates tensile stresses that exceed À1 GPa below the depth of $140 nm. These tensile stresses induce cavitation of the superheated liquid deeper into the target and, similarly to the spallation discussed above, lead to the ejection of additional large droplets. In contrast to the explosive decomposition of a surface region discussed above, no phase separation is observed in a simulation performed at the same laser fluence for a target covered by an overlayer, Fig. 5(b) . The initial temperature increase is similar to the one in a target with free surface and brings the surface region to a supercritical state. Although the pressure from the hot metal pushes the overlayer up by 65 nm, the supercritical fluid remains confined by the overlayer. This confinement prevents the phase decomposition and fast cooling observed for a target with free surface and keeps the temperature and pressure of the surface region at high levels for a much longer time. Only by the time of 350 ps, the pressure in the interfacial region drops down to zero and the expansion of the metal target turns into contraction as the interfacial region continues to cool down by thermal conduction to the bulk of the target. The contraction results in the formation of voids near the interface and eventual detachment of the metal target from the overlayer. In the absence of the phase explosion, which provides an efficient channel of fast cooling of the hot surface region of the target with free surface, the maximum melting depth is larger (270 nm vs 250 nm in the simulation with free surface) and the time needed for resolidification of the metal target is much longer. The emission of partial dislocations, though, is observed at this fluence both with and without overlayer.
An additional illustration of the effect of spatial confinement by the overlayer on the conditions experienced by the top layer of the metal target is provided in Fig. 6 , where the temperature-pressure trajectories are shown for material initially located within the top 5 nm layer of the target. In the simulation with free surface, the initial linear pressuretemperature dependence characteristic of almost constant Fig. 1(b) . The laser pulse has a Gaussian profile with the peak intensity reached at 25 ps from the beginning of the simulations and is directed along the Y-axis, as shown by the red arrows in the left panels. The black curves separate the melted regions from crystalline parts of the Ag target. Areas where the density of the material drops below 10% of the initial density of the solid Ag target are blanked in the plots.
volume heating of the layer (stress confinement) gives way to the pressure drop associated with the onset of free expansion of the top layer at $25 ps. The relaxation of the laserinduced pressure and continued temperature increase makes the trajectory cross the solid curve that marks the temperature and pressure conditions for the onset of the explosive phase separation into liquid and vapor, T* and P*, determined as explained in Sec. II A. In the presence of overlayer, however, the expansion of the hot metal layer is limited and the pressure builds up to much higher levels. The expansion of the surface allowed by up to 65 nm upward displacement of the overlayer results in a pressure plateau at the end of the electron-phonon energy equilibration and leads to a hysteresis in the pressure-temperature dependence, when the pressure decreases during the cooling of the interfacial region along the path that is almost parallel to the one of the heating stage but shifted to lower values of pressure for the same temperature. This hysteresis eventually leads to the detachment of the metal target from the overlayer when the pressure near the interface becomes negative after about 400 ps, when the temperature drops below 1800 K.
The overall picture of the material response to the laser energy deposition with and without the overlayer does not change even when the laser fluence is doubled from 3000 J/m 2 to 6000 J/m 2 , Figs. 7 and 8. The much stronger laser excitation leads to higher maximum temperature and pressure, larger displacement of the overlayer, and higher melting depths of 455 and 415 nm with and without overlayer, respectively. The combination of the phase explosion and material expulsion due to the unloading wave leads to almost complete ejection of melted part of the target down to the depth of 385 nm in the case of the target with a free surface, Fig. 7(a) . In the presence of the overlayer, the expansion of the metal brought to the supercritical state by the fast laser energy deposition is limited by the overlayer that maintains the high density and pressure of the supercritical fluid for hundreds of ps and prevents its decomposition into vapor and liquid droplets. The pressure exerted by the supercritical Ag pushes the overlayer by up to 137 nm by the time of 600 ps, when the pressure approaches zero level, Fig. 7(b) . Similarly to the lower fluence simulation illustrated in Fig. 5(b) , the cooling and contraction of the metal target lead to its detachment from the overlayer at around 800 ps, Fig.  7(b) . The temperature of the metal near the interface is about 2500 K, more than twice above the melting temperature but below the stability limit for phase explosion. Due to the high temperature of the interfacial region, the detachment takes place at a relatively low negative pressure of about À0.11 GPa (this value is obtained by averaging from 700 to 800 ps over the top 50 nm part of the metal target).
The temperature-pressure trajectories shown in Fig. 8 further illustrate the difference in thermodynamic conditions experienced by the material in the top surface layers of the two targets. While in both simulations, the strong laser excitation brings the layers into supercritical state, the evolution of the supercritical fluid is very different in the two cases. In the absence of overlayer, free expansion of the supercritical fluid releases the pressure and results in complete vaporization of the material. The supercritical fluid confined by the overlayer, on the other hand, slowly cools down from the supercritical to the liquid state without crossing the line that corresponds to the explosive phase separation.
The observation that the maximum temperature of the top region reaches $12 000 K in the simulation with overlayer and $11 000 K without overlayer by the time of $40 ps suggests the possibility of ionization of a fraction of Ag atoms. Indeed, estimations based on the Saha equation yields ionization fraction of about 1% at densities realized during the peak temperatures. The short time of the temperature spike (the temperature drops down to 9000 K by 80 ps and down to 6000 K by 170 ps in the simulation with overlayer, where the cooling is slower) and the high density of the supercritical fluid indicate, however, that any effects related to the ionization and charge fluctuations 40 in the supercritical fluid are likely to have negligible effect on the material expansion and interaction with the overlayer under conditions considered in the simulations.
The exposure of the overlayer to the hot metal leads to the melting of a part of the overlayer adjacent to the metal target, with the thickness of the melted layer reaching 15 nm by the time of the detachment from the target. The interaction of the supercritical Ag with melted overlayer results in an active atomic mixing in the interfacial region. The mixing is illustrated in Fig. 9 , where the atomic configurations and concentration profiles in the vicinity of the metal-overlayer interface are shown for 780 ps, just before the detachment of the metal from the overlayer. The observation that more atoms of the overlayer material penetrate into the metal can be explained by much higher temperatures of the metal and a relatively weak interaction between the overlayer and Ag atoms. The Ag atoms are also diffusing into the melted part of the overlayer and tend to aggregate into clusters due to the stronger interactions between the metal atoms as compared The irradiated surface is free of confinement in (a) and is covered by a transparent overlayer in (b). The computational setup in the simulation with overlayer is illustrated in Fig. 1(b) . The laser pulse has a Gaussian profile with the peak intensity reached at 25 ps from the beginning of the simulations and is directed along the Y-axis, as shown by the red arrows in the left panels. The black curves separate the melted regions from crystalline parts of the Ag target. Areas where the density of the material drops below 10% of the initial density of the solid Ag target are blanked in the plots. to the metal-overlayer interactions. Note that the approximate representation of the overlayer by atoms interacting with each other through pairwise LJ potential prevents a quantitative analysis of the atomic mixing and formation of new phases in the interfacial region. At a qualitative level, however, we can conclude that a substantial interfacial mixing can be expected to result in a high concentration of impurities, atomic clusters, and/or new phases on both the overlayer and metal sides of the interface. A quantitative analysis of the nanostructure of the interfacial region can be performed by adopting the computational setup shown in Fig. 1(b) for simulations with a realistic representation of interatomic interactions accounting for the mixed covalentmetallic nature of bonding in the interfacial region.
IV. SUMMARY
The effect of spatial confinement on laser-induced structural and phase transformation in a metal target is investigated by contrasting the results of two series of simulations of short pulse laser interactions with a bulk Ag target. The metal target is covered by a thick transparent overlayer in one series of simulations and has a free surface in the other series. The simulations are performed with a combined atomistic-continuum TTM-MD model accounting for the laser excitation of conduction band electrons, electron-phonon equilibration, as well as electronic and phononic heat transfer in the metal target and the overlayer. The model is extended by incorporation of two alternative computational methods for representations of the transparent overlayer. In one method, the layer is represented by a dynamic acoustic impedance matching boundary condition designed to represent the partial propagation of the laser-induced pressure wave into the overlayer, as well as the work of adhesion between the metal and the overlayer. In the second method, a part of the overlayer is represented with atomic resolution, allowing not only to account for the elastic response of the overlayer but also to reproduce the plastic deformation, melting, and atomic mixing in the region of the overlayer adjacent to the hot metal target. Both methods are parameterized for Ag-silica system and show similar performance at low fluences, when no melting of the overlayer takes place. The second (atomistic) representation of the metaloverlayer interface is used in the simulations performed at high fluences, when melting and atomic mixing take place on both sides of the interface.
The simulations are performed for a broad range of laser fluences that, in the absence of overlayer, covers the regimes of melting and resolidification, photomechanical spallation, and phase explosion of the surface region of the metal target. At low fluences that correspond to melting and spallation of targets with free surfaces, the spatial confinement by the overlayer is found to suppress the generation of the unloading tensile wave, decrease the maximum depth of melting, reduce or eliminate the emission of dislocations from the melting front, and prevent the cavitation and spallation in the surface region of the metal target.
At higher fluences that bring the surface region of the metal target to the supercritical state, the confinement prevents the expansion and explosive phase decomposition of the surface region and leads to a gradual cooling of the hot and compressed supercritical fluid down to the liquid phase. This is in a sharp contrast with the material response to the same laser energy deposition under the vacuum conditions (free surface of the target), when the free expansion of the supercritical fluid results in a rapid cooling and phase decomposition into liquid droplets and vapor or complete vaporization of the top surface layer at higher fluences. The confinement of the superheated metal by the overlayer increases the maximum depth of melting and the time required for resolidification after the laser pulse. Moreover, the relatively long lifetime of the supercritical state sustained under conditions of spatial confinement results in a transient melting of a part of the overlayer exposed to the hot metal and atomic mixing between the overlayer material and metal within tens of nanometers from the interface. The simulations also suggest the possibility of detachment of the metal target from the overlayer during the rapid cooling and contraction of the surface region of the metal target. A detailed analysis of the evolution of voids leading to the detachment at the interface as well as the possible formation of a thin multiphase nanocrystalline layer due to the atomic mixing and rapid resolidification of the target requires simulations with larger lateral size of the computational system and a more realistic description of interatomic interactions in the interfacial region.
